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T F-13,477

THE RATE OF PROPAGATION OF ULTRASONIC WAVES IN HUNGARIAN
ROCKS, AND ITS CORRELATION WITIlI OTHER
PHYSICAL AND CHEMICAYL ROCK CHARACTERISTICS

P, Ottlik

ABSTRACT: An ultrasonic laboratory method for ostablishing
the rate at which clastic wavos are propagated in a numbor

of carbonaceous rocks (mainly limestones), as woll as in

some siliceous rocks, is discussed. The relationship botwoeon
veloeity and physical and chemical characteristics of those
rocks is eoxplainod. [Further rescarch is required in order to
explain the principles underlying the difference betwoeen
rosults obtained in the laboratory and those obtained under
field conditions.

[Ffundamental Measurcment Principles

We made our measurements with-an ultrasonic instrument. The csscnce of the
measurement method is the determination of the resonance frequency in a rock
section of known thickness by mcans of oscillations of known frequency. The
rate of propagation of the oscillation can be calculated from the resonant
frequency and the section thickness. This can be donec in practice by placing
the rock section on a quartz crystal which is then. excited by an oscillator.

The oscillations of the quartz crystal penetrate continuously into the rock
specimen and are reflected from its opposite surface. By changing the frequency
of the quartz crystal with the oscillator, we can reach the point wherc the fre-
quency entering the rock section, and the natural frequency of the rock specimen
are in resonance. Resonance is indicated by a sudden increase in energy, which
can be observed on a microammeter, or acoustically, or perhaps simultaneously,

using both methods.

The base frequency, that is, thc minimum frequency at which this resonance
will appear is proportional to the rate of propagation of audio oscillations in
the specimen, and is inversely proportional to the double thickness of the

specimen.

Resonance also appears at the upper harmonics of the basc frequency. The

£85
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base frequency can, therefore, be determined from the differences in the frequency

* Numbers in the margin indicate pagination in the foreign text.
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values of the rosonant peaks of the upper harmonics that follow cach other,

On the basis of the forcgoing the numerical value of the velocity
V - 2d.6f

1 where d is the rock section thicknegs, 6f is the freguoncy differencoe between

adjacent resonant frogquencies,

No correciions wore incorporated in the velocity calculations Measurements
made using aluminum test specimens measuring 30 x 29, 6 x 45, 30 x29, 8 x 59,
and 30 x 29 and 7 x 100 mm showed that doviations of the Acope indicated geomeiric
dimensions cause no more than a 2% change in velocity. 7The nature of ithe findings
was such that this can be ignored. The dimensdens—af. the specimens used for tao

measurcments did not differ from cach othor to the exteont cited.

Practical Mcasurcgionts

Mecasurements werce made using specimens cut from the rock. The s8pecimens
were made up into sections with two parallel planes. Where rock stratification
was obvious in the rock sample, the section was cut parallel with this stratifi=-
cation. Section thickness generally varied between 6 and 12 nim; area was approx-

imately 40 x 40 mm. The sides of the samples were not finished, that is, they

had an irregular fracture. The cut specimens were ground because contact ! * reen
quartz crystal and specimen surfaces has an effect on the amount of energy .aat
penetrates the specimen. Smoothness of the polished surface is necessary for

reflection of energy. Energy is scattered when reflected from a rough surface,

so resonance cannot develop. Contact between crystal and specimen is improved

by a thin layer of vaseline.

P
S

Measurements were made in the 0.65 to 2.0 MHz range. 7This corresponds to

7

a wave length between 0.009 and 0.003 m at a velocity of 6000 m/s. The diameter

iy

g‘, of the surface of the excited quartz crystal used for the measurements was 35 mm,

8o specimen size was of this order of magnitude. Resonance was observed simul-

taneously with a milliammeter and acoustically. Specimen thickness was measured

with calipers accurate to within 1/20 mm.
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Sources of Frrors in Measuremont

The results of the measurements are influenced by the degree of contact
between the specimen and the crystal, the material used for the contact, the
thickness of the crystal, and the difference between the exciting frequency and
the natural frequoncy of the crystal, Efforts were made to koep tho first two
factors consatant by grinding specimon surfaces to the same smoothness, and by
always using vaseline. The same crystal was used for all moasurements, and all
measurements were mado in the same freoquency range, so these can be ignored as
fources of orror because the systomatic orraor thoy cause is within the limits of

accuracy for informative type measuromonts,

Most orrors were found to result from non=parallelism of the rock surfaces,
by inaccuracy in measuring thickness, and by inaccuracy in reading the resonance

peaks,

Non-parallelism of surfaces used for mcasurcments on the one hand hampers
the development of resonance (and above a certain limit makes measurcment

impossible), and on the other makes the thickness measurement less cortain.

Accurate reading of the frequencies of resonant peaks is made difficult by
the flat, indistinct nature of the pcaks. The definiteness of resonance is also
influenced by the smoothness of the specimen's reflecting surface, lack of homo-
geneity in the surface of discontinuity within the sample, and by individual

rock characteristics.

The SiO2 content was in excess of 9% in 20 rock specimens. In the majority
of these, in 14 specimens, no resonant peak could be observed. The reason for

this may be that the 8iO_ disturbs the homogeneity of limestones, and thus,

depending how it is distiibuted, and its amount, disturbs, or even hinders, the
developnent of resonance. This is also proved by the fact that the mean SiO2
content for all specimens measured was 17%, and the SiO2 content in those spec-
imens that did yield velocity values is only 6%. Sandstones are an cxtreme case,
in that théir granular structure results in resonance being observed in them in
only exceptional cases. In fact, this also happened only when the physical
difference between binding material and grain is small (sandstone cemented with

silicic acid).
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The mean measurement orrek-wor 25 spocimens was arrived at by making soveral
velocity doterminations (Figure 1). The moan error was 227 m/s. This is per-

missible in measurements of this type.

Table | lists deviations in individual measurements of thickness and fre-
quencies as they portain to individual resonant peaks, as well as resulting
velocities., This table also lists the offoct of deviations in individual measure-~
ments as they change tho final result. According to the table, the orror in

thickness in 0.2 mm maximum, but generally does not excoed 0.1 mm.

The results of measuroments made uring 9.8 mm and 19.4 mm thick sections
takas from No. 40 Upper Triassic dolomitic limestone, the first listing in the
table, are similar within the margin of orror, and these, together with the
measuroments made using  the aluminum standards mentionoed, demonstrate that

specimen thickness has no offect on the final resultis,

TABLE L. DEVIATIONS A8 A RESULT OF SEVERAL MEASUREMENTS 139
R o - e e+ -
Speci- : . ,
men No . dy mm dymm | dy-dy h Is h-ls L} Vs 24
40 9,8 19,4 0,6 0,308 0,135 8050 8000 50
46 8,6 8,3 0,2 0,35 0,34 0,01 | 3950 | 3650 300
89 1,9 1,9 0,0 0,38 0,39 0,01 6000 8170 170 s
107 9,4 94 | 00 0,32 0,30 0,02 8020 5650 370 :
11 9,1 9,0 0,1 0,34 0,34 0,00 6200 68120 80
120 9,3 9,2 0,1 025 | 030 | 005 | 4880 | 8520 860
121 8,8 8,8 0,0 0,35 0,34 0,01 6160 8090 170
162 6,9 8,9 0,0 0,39 0,40 0,01 5380 5520 140
163 10,6 10,7 0,1 0,30 0,31 0,00 6350 8650 300
176 9,6 9,6 0,0 0,31 0,30 0,01 5800 5700 200
176 11,3 11,4 0,1 0,28 0,283 C,005 | 5880 06080 170
178 8,7 8,7 0,0 0,31 0,31 0,00 5400 5400 0
179 8,4 8,56 0,1 0,42 0,43 0,01 5380 5600 220
198 8,6 8,5 0,1 0,368 0,36 0,00 8200 8120 S0
198 10,5 10,5 0,0 0,30 0,30 0,00 8300 8300 0
197 10,6 10,5 0,0 0,30 0,29 0,01 8300 8100 200
108 11,9 12,0 0,1 0,25 0,25 0,00 5950 8000 50
100 8,0 8,1 0,1 0,37 0,36 0,02 8900 8670 230
201 8,1 8,1 0,0 0,45 0,47 0,02 5500 3740 240
202 8,2 8,1 0,1 0,37 0,33 0,04 6070 8350 720

Commas represent decimal points.

The procedure used was only approximately 50% useful i: finding velocity

values for the specimens prepared for measurement. In some samples it was the

porosity, in others the SiO, content, that made it impossible to obscrve

2
resonance, or if observed, only very wecakly. Yet there were specimens the poros-

ity and 8102 content of which were so slight that this could not be the reason '
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for lack of resonance. In these cases, the measuremont failure apparencly can be
explained by tho orror source already mentioned, or by some rock charactoristic,

but we cannot pinpoint it accurately.
Results

Woe wore fortunate in receiving from the Hungarian State Geological Instituto
a group of spercimens whoso geological ago, donsity, gravimetric density, porosity,
and 8102 and C()2 content wore known (Table 2). (As is customary, chemically
detormined ingrodionts wore atatod in the oxide form so that 8102 actually means
the total 8i, and CO, the total inorganic C, that is, the carbonate contont.)
This made it poﬁﬂibl: to compare tho voloeity findings directly with other rock

data. The group of Apocimons was collected from outeraps,.

Mothods of mathomatical statistics were used to process rosults, we also
triod to illustrate the corrclation between the data obtained in various ways by
experiment and comparison and to characterize them with numerical indices. This
was necessary-bocause the corrclation was not always evident and statistical
methods can be used to indicate the degrec, and the quality, of correlations,

graphically and numerically.

This goal is reached for the most part by making the calculations, or by 190
plotting the correlation coefficient, its squarc, lincar regression, standard
deviation, and, finally, the correlation curve.

The correlation coefficient was calculated through the formula

r oo XY
oo
X Yy

where x and y represent the deviations of the individual points from the arith-
metic means, and n is the number of data. Oy and cy are obtained using the

following equations:

P

(x - x)2 (y - 5)
g = —————— and fo] = _u__
X n y n
The linear regressions were calculated through Y' = b(x = x) + Y. fThe

correlation of the two variables was made .n torms of the regression of X in

terms to.Y, and with the regression of Y in terms of X, that is, in terms of two

- e R N el s




TABLE 2.

Order Gravi-
NO . Rrck Age Velo~ Dens~ metric Pore- SiO2 Co8
clity ity Dons- osity
ity %

19 Rock flour colaomitic

limostone Liassic 5580 2.72 2.53 6.98 21.35 31.66
21  Clay rock limestonc  Doggor 60 2,80 2,32 10,00 12,85 33.6G7
33  Anhydrito Lowor Triassic 5530 2.80 2,81 2,2  2.065 50.75
35  Calcorcous aleurite  Lowor Triassic 5100 2,60 2,50  7.06 43.49 1441
97  Dolomito Middle Triapaic G460 2.60 2.%h  5.50 0,20 546,92
40  Dolemitic Vimostone  Upper Triassic 6025 2,75 2.64 4,00 1.02 40,55
k6 Clasoely packed

limostono Upper Priafsic 5790 2,73 2.60  4.26 0,00 43,42
57 Closoly packod

Timostono Middle Priassic 6960 2,68 2.53  65.60 0,15 42,79
68 l)olomitv Middlu Tl"iaﬁﬁic‘- 5800 8.8’] 2.65 6030 ()ol(’ /‘GOG()
59  Dolomitic limestono  Lowor Iriassic G6GOBO 2,82 2,67 65.47  0.31 43.88
86 Closcly packed Lowor

limestonao Croetacoous 5950 2,76 2.60 5.79 0,82 42,38
88 Closcly packed fossie- Lowoer

1iforous limestonc Crotacwous 4370 2.70 2459 4.37 10.61 37.95
90 Closcly packed Lewer

limestone Cretaceous h750 2.69 2.51 6.69 5.31 38.79
107 Closcly packed

limestone Upper Triassic 6020 2.85 2,52 11.40 0.24 43,12
108 Closely packed

limestone Middle Triassic 5940 2,73 2.63 4.00 1.47 42.49
111  Brecciated limestone Upper Triassic 6160 2,70 2.46 8.90 3.30 39.93
120 Closely packed

limestone Dogger 5090 2,70 2.48 8.60 1.59 41.78
121 Closely packed

limestone Degger 6080 2.68 2.44 9.80 1.59 42.22
131 Rock flour flint Middle Triassic 4420 2.59 2.40 7.00 81.68 5.51
161 Closely packed

limestone Middle Triassic 5800 2.90 2.81 3.10 5.59 38,74
162 Closely packed

limestone Middle Triassic 5450 2.63 2.54 3.80 0.32 42,61
163 Dolomite Upper Triassic 6520 2.81 2.68 4.60 0.00 46.19
165 Closely packed

limestone Lower Triassic 4850 2.90 2.69 7.20 0.93 42,13
167 Porous dolomite Lower Triassic 6100 2.78 2.58 7.10 0.80 45,24
169 Closely packed

limestone Lower Triassic 5040 .59 2.50 7.30 4.10 39.62
175 Limestone with flint Middle Triassic 5800 2.78 2.60 6.47 7.73 39.22
176  Closely packed

limestonce Middle Triassic 5960 2.66 2.56 3.75 0.61 42,54
178  Sandy limestonc Lower

Cretaceous 5400 2.80 2.64 5.71 19,27 33.26
7
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TABLE 2. (Cond't)

Order Gravi~-
No. Rock Agoe Velo-~ Dena-~ motric Por- SiO2 C02
city ity Dons-~ osity
ity %

179  Requienic limestone  Lowor
Crotacoous 5490 2.76 2.62 5.00 0,15 43,18

195 Closnly packnd Lawoy

limoatono Crotacoousn 6160 2,90 2,84 2,30 0.25 42,48
196 Clasoly packed

Limostono Mnlm 6300 2.69 2,62 2,60 0,17 h2,52
197  Clanoly pnckod Lowor

limontano Crotncooun 6200 2.6% 2,31 12,80 0,20 41,93
198  Clonoly packod Lowor

Limontono Crotacoousn GON0  2.75  2.69 5420 0,37 A2.19
199 Closely packod

Limostano Middle Triassic 5780 2.77 2.68  AJl0 1,97 4l.4)
201 Closoly packed

limortone Middle Triassle 5620 2,62 2,56 2.10 0,79 42,49
202 Closoly packad

Llimestone Middle Triassic 5710 2.81 2.7 2,64 0,00 A2,49

straight lines. The angle formed by the two straight lines also shows the degrac Zyl

of correlation. If r = 1, the two rogression lines coincide.

Of course, this characterization is morc accurate and moro reliable, the
more data used. It is possible thereforc that the results can change in time with
the increasc in the availability of data. Yet, as a first approximation the

following may serve as good support for what follows.

We had already measured the velocity in 21 rocks of the Triassic, 7 rocks of
the Jurassic, and 10 rocks of the Cretaceous period. Figure 2 shows the relation-
ship between measured velocities and'geologic age. Here we have attempted to make
as accurate a designation of the age of individual specimens as possible. Values
placed at the bottom of the Triassic area are those of Lower Triassic rocks, with
the dots in the center, and at the top of the area thosc for velocity values
vbserved in Middle Triassic and Upper Triassic specimens, respectively.

As will be seen, most velocity values are in the 5000-6500 m/s range. This
is so for Triassic, as wecll as for Jurassic and Crotaccous specimens. Note that

the dots arc distributed scemingly at random, suggesting, on the basis of the plot

in the figure, that velocities apparently are independent of geologic age. This




contradicts oxperionco, and it may boe that up to this point the volocity could
bo determined only in limostones of roughly tho samo ovelution. Therefore,
further measurements are neaded in additional samples ropresenting breader goo-

historic and potrographic ranges in ordor to dotormine tho genoral correclation.

Density values are distributed ovenly beotwoon 2.6 g/cma and 2.9 g/cms, a8
wlill he seen from Figure 3. The velocity meatter s greator for low donsilty
valuea than for high donsity valuos. Basnd on voloecity mcattor, the deviation
of the corrolation curve from the stealght line dovalopment ia gropter in the
cafo of tho lov donalty values than it ia dn the 2.7 -~ 2,9 n/cm3 range, whoro it
ip dn good concordance with the straight lino. Thua, in tho rfirat approximat:on,
volocity Ineronsen with donndity.  The leosonoss of tho rolationship ia shown
numerdenlly by the valuon r o 0,31, rg c 9., 8ok 4893, containoed din tho Clguro,

and 18 domonstratod visually by tho rogrennlon Linon,

As tho caleulations suggest, thore is a positive corrolation botwoen voloclty
and donsity, albeit a slight onee This proves that other matorial charocteristicg- ——.——-
change with increasc in density and this in turn has an offeet on the clastic
propertics of rocks bocause volocity is invoerscly proportional to the square root
of tho density.

The gravimotric density varies botween 2.04 g/cm3 and 2.82 g/cm3 (Figure 4),
Tho situation is practically identical with the preceding so far as the velocity
and gravimetric density correclation is concerned. The correlation coefficient is
somewhat larger, 0.34, hence the angle made by the regression lines is smaller
than in case of the velocity and density correlation. This shows that velocity
depends morec on gravimetric density than on density, which too is natural, because
in reality matter occurs with its own gravimetric density, so that the velocity
is for rocks in this condition, whereas density is a value determined in the

laboratory.

Gravimetric density and porosity are inversely related to cach other. This /98
will be scen in Figure 5, which shows the correlation between velocity and
porosity. Only the cerrelation curve was plotted, and based on that plot it can
be supposed that the regression of the velocity/porosity relationship is non-
lincar. For this rcason the regression lines were not calculated and the value

of the corrclation coefficient is O for tho above=mentioned reasons.
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Tho specimens examined wore carbonate sodimentary rocks for the most part. 198
The Sio2 content demonstrated chemically is probably of celloidal dispersion
becausc of the polagic facies of the rocks. We also cxamined the correlation

botween velocity and 8i0_ content (Figure 6). The SiO2 content was under 2% in

2
the majority of the specimens. The number of plots with a larger silicic acid

content is too small for an ovaluation. We thereforc made the plots using a somi~

logarithmic coordinate system. 8ince the distribution is unoven, the atatistical
indices are not characteristic. We thorefore plottod enly that correlation curve

that unequivocally shows the correlation tendency.

Pho carbonato content, cxpressed in CO_, in the Apecimons is characteristic

4
of the chemical purity of limestonas, dolom?tus. Invostigating the correlation
between veloeity and carbonate content (IFigure 7), we sce that velocity increases
with increase in CO2 content. Thorefore, velocity alse is a function of the
chemical-purity of rocks. It is interesting that among the corrclations studicd
the nexus is the closest between velocity and CO2 content, as is proved by the

data contained in Figure 7.

We compared the in-situ propagation velocities determined by refraction field
seismometry with laboratory measurements of velocities in specimens obtained from

the appropriate area (Table 3).

But the comparison is only an outline because the origin of the specimens is /99
not exactly identical with the measurement site. The gaps in the table indicate
where it would be necessary to make additional refraction measurements and lab-

oratory determinations of velocities in rocks in order to obtain complete know-

ledge of the country.

Comparing the velocity data obtained in the field with those obtained in the

laboratory, it is noteworthy that laboratory investigations generally yielded
values larger by 800 to 1000 m/s than did field measurements. This is the more

striking because all specimens were of the surface variety whereas refraction

velocities indicate velocity in the total rock, which is at depth, under pressure.

We are not yet sure of the cause of the discrepancy, but several causes can be '
suggested. One is that small specimens are more compact, more homogenous, than
in-situ rocks. Only pieces of fresh rock were collecteds Or it is possible that

when long waves are used in refraction measurements the material behaves differently

",..:\., ° : 2 ]‘6




TABLE 3., FIFLD AND LABORATORY PROPAGATION VELOCITY MEASUREMENTS 198
Contral Matra~
Age Mountain  Banony Mecsack Bukk Villany
Range Mountain Mountnin Mountain Mountain
, Tield Upper 500 LL00-4500
laboratory Crotaceous 5400-5600
field Lower
laborators— h370-4750 G000~6300
fiold Uppor
laboratory 6300
field Middlo-Jurassic 3700-4800
lahoratory 5100-6100
field Middloe 2900=3200
laboratory Lower 3080-4200
ficld Lower 2900-4600
laboratory 3640-5640
field Upper 5300-5900 5000
laboratory 6100-6500 4480-6500 5800-5960
field Middle-Triassic 5200-5800
laboratory 5380-6560 5800~ 5600
field Lower 4200-5600
laboratory 4850-6100 6000

than when oscillations have shoxt periods. If this is so the method distorts the 199
results, and the ccefficient of harmoﬁic distortion must be determined by further
experimentation. Finally, the cause of the discrepancy can also be that the
velocities listed in the table for rock groups of individual ages are related

to a rock group of given age, rather than to a single rock. Our laboratory
measurements established the velocity in a specimen derived from single components

of layer groups that do not necessarily coincide with the refracting layer.

Finally, let us compare our findings with some of the data in the litera-
ture on the subject. L. Peselnick and I. Zietz made measurements using three
compact, homogenous, fine-grained limestones. The density of their No. 1 specimen

was 2.72 g/cm3, porosity 0.01% (grain size in the base material 18 microns), and

the rate of propagation of longitudinal waves was 6100 m/s. Their No. 2 specimen !
had a density of 2.59 g/cmB, a porosity of 2.86% (grain size 9 microns), and the
measured velocity was 5600 m/s. Finally, their No. 3 specimen had a density of
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2.71 g/cm3 a porosity of 0.0%, and a rate of propagation of 6300 m/s. The abovo
findings arc in good concordance with ours, although the methods cmployed by these

authors woroe considerably differont than ours,

C. W. Oliphant has also mado volocity determinations of rocks in drill cores.
Ho also studied the effoct of moisturo, pressure, and tomperature an velocity
values. He made the measuroments in thin rods, taking care that in the moasuro-
ment of the velocity of longitudinal waves the longth of tho mpocimon was consid-
orably greater than its diamotor, llo ficld testod the limostones from which the
spocimons  originated in ordor to have directly comparable laboratory and field
values. The ficld moasurcements mado in Nova limoestone of the Uppor Carboniforous
poriod showod a velocity of 4470 to 4770 m/s. On the basis of the laboratory
measurements made with the specimens, this layer can be dividod into more or less
clayoy lovels. These lovels yleld velocitics botween 41504770 and GOGO=6720 m/s.,
Oliphant corrccted the velocity values for water content, pressuro, and temperaturc,
As will be scen from the findings, the limestone velocitices Oliphant obtainod- in
the laboratory are close to the values we obtained. But his results differ from
ours in that his velocity interval, determined by ficld mcasurements, coincides

with the velocity range established in the laboratory.

The paper by Kuiper, Van Ryen and Koefoed contains measuremcnts made of Z}OO
longitudinal and transverse velocities in 12-30 cm long, and 13 mm thick pure
limestone rock specimens in order to establish the Poisson constant. They
compared their results for specimer . asity and porosity, and found that velocity
increases with increase in density. The scatter of the velocity values is rela-
tively slight, and they explain this as resuliing from the selective purity of
the specimens., The limestone velocities they obtained are lower than ours, but
specimen density too is less. The velocities in specimens with a density between
1.82 and 2.65 g/cm3 vary between 2850 and 5370 m/s. Thus, the discrepancy is
simply one of degree because the specimens we studied were denser and this can

explain the high velocities observed. The correlation between velocity and

porosity was not so unequivocal as was the correlation between velocity and

density, according to their research.

A furthor task would be to find answers to the questions that arose during

mcasurements made in the past, and to examine the characteristics of rock
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clasticity using othor mothods, Detailed oxamination can provido answers to many

interesting questions, as well am better roliability of rosults,
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